Commercially pure titanium with harmonic structure, which consists of a coarse-grained structure surrounded by a network structure of fine-grains, was produced by sintering mechanically milled powders to achieve high strength and high ductility. The effect of subsequent nitriding on the commercially pure titanium with harmonic structure was investigated. Nitriding was performed at relatively low temperatures of 773, 873 and 973 K (500, 600 and 700°C). The surface microstructures of the nitrided specimens with harmonic structure were characterized using optical microscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), electron backscatter diffraction (EBSD), and a noncontact scanning white light interferometry. The nitrided titanium specimen with harmonic structure had higher hardness than a nitrided-only titanium specimen because the fine-grained structure in the harmonic structure accelerated the formation of titanium nitrides during nitriding. Furthermore, fine grains created by mechanical milling were not coarsened during the nitriding process. These results indicate that low temperature nitriding is effective to increase the surface hardness of commercially pure titanium with harmonic structure while grain-coarsening is also suppressed.
Introduction
Commercially pure (CP) titanium exhibits high corrosion resistance due to the presence of a passive film at its surface; therefore, this material is applied to various components subjected to severe conditions, such as biomaterials. However, CP titanium exhibits lower strength and poorer wear resistance than ferrous materials. In the fields of engineering, nitriding has been introduced to improve the tribological properties of CP titanium and titanium alloy due to the formation of a high hardness layer. 1, 2) While, nitriding reduces the fatigue strength of these materials 25) due to grain-coarsening during the nitriding process, which should be performed at high temperature. Therefore, it is considered that nitriding at low temperature could still be effective to suppress the grain-coarsening of CP titanium, which results in improving the fatigue properties.
Generally, the amount of nitrogen diffused in the material tends to decrease with decreasing the nitriding temperature. In addition, the dislocation density and grain size are important factors that enhance the nitrogen diffusion behavior. 6, 7) Therefore, to facilitate nitrogen diffusion into materials, we have previously proposed a hybrid surface modification, 5, 810) which involves a combination of grainrefinement and nitriding processes. Nitrogen can diffuse at lower temperatures (873 K) during nitriding of cold-rolled CP titanium due to the presence of fine grains, which results in higher hardness than a nitrided-only specimen. 5) However, severe plastic deformation processing of bulk materials generally leads to a decrease in the ductility, such as with CP titanium, 11, 12) instead of increasing the strength with the decrease in grain size. 13, 14) In this study, a mechanical milling (MM) process was introduced for CP titanium powders to create fine grains as a pre-processing step to plasma nitriding. The author's group has developed the "harmonic structure", 1522) which consists of a coarsegrained structure surrounded by a network structure of fine grains, created by sintering mechanically milled powders. CP titanium with harmonic structure exhibits high strength and high ductility compared to its homogeneous counterparts 1719) because stress and strain localization are suppressed in the structure. 22) Based on these reports, it is possible that low temperature nitriding could increase the surface hardness of CP titanium due to the presence of fine grains in the harmonic structure. The aim of this study is to examine the effect of low temperature nitriding on the characteristics of a surfacemodified layer of CP titanium with harmonic structure, which was formed by sintering mechanically milled powders and to investigate the microstructural changes of the substrate during the nitriding process.
Experimental Procedure

Specimen preparation
CP titanium powder with the chemical composition shown in Table 1 was used in this work. Figure 1 shows a scanning electron microscopy (SEM) micrograph of the CP titanium powder. The powders (106150 µm diameter) were produced using the plasma rotating electrode process (PREP).
23) The PREP process can fabricate spherical particles that have negligible contamination with impurities such as oxygen or nitrogen gases during the fabrication process. MM was performed for the CP titanium powders using a planetary ball mill (Fritch P-5) with a tungsten carbide vessel and SUJ2 steel balls in an argon gas atmosphere at room temperature to prevent oxidation. To avoid cross-contamination from the milling media, conventional CP titanium powder with an average particle size of 45 µm was milled for 86.4 ks (24 h) to form a titanium coating layer on the surface of both the vessel and the balls. MM was performed at a rotational speed of 200 rpm for 90, 180, 270, and 360 ks (25, 50, 75 and 100 h) with a ball-to-powder weight ratio of 1.8 : 1. The powders were subsequently consolidated by a spark plasma sintering (SPS) process at 1073 K (800°C) for 600 s (10 min) under vacuum; less than 15 Pa, and 50 MPa applied pressure using a graphite die (15 mm internal diameter). The sintered material prepared from the MMprocessed powders was polished into a 1 mm thick disk with emery papers (#320 to #1500), and mirror-finished using SiO 2 suspension (MM series).
Plasma nitriding was then performed at relatively low temperatures; 773, 873 and 973 K (500, 600 and 700°C), for 72 ks (20 h) in an atmosphere of H 2 and N 2 in a 13 : 5 ratio 5) (MM+N series). In addition, a sintered compact prepared from the as-received CP titanium powder (Untreated series) and a nitrided-only specimen (N series) were also prepared. Figure 2 shows a flowchart that illustrates the specimen preparation procedures; four types of specimens were prepared with different microstructures.
Characterization of the surface-modified layer
The surface hardness of the mechanically milled and nitrided specimens was measured using a micro Vickers hardness tester at a load of 0.098 N or 0.245 N. For the nitrided specimens, hardness tests were performed at the lower load (0.098 N) to minimize the effects of the substrate hardness beneath the nitrided layer. The surface microstructure of the specimens was characterized using optical microscopy, SEM, non-contact scanning white light interferometry and electron backscatter diffraction (EBSD). The crystal structures of the specimens were identified using X-ray diffraction (XRD) with Cu K¡ radiation.
Results and Discussion
Microstructural characterization of the milled CP
powders and sintered compacts The microstructures of the un-nitrided specimens were characterized first. Figure 3 shows cross-sectional SEM micrographs of the non-milled and milled (90 to 360 ks) CP titanium powders etched with Kroll's reagent solution. The as-received powder particles were spherical with a smooth appearance ( Fig. 3(a) ), whereas the milled powder particles were irregularly shaped and the particle appearance became more irregular with the milling time. The microstructures of the milled powders can be classified with respect to the outer (shell) and inner (core) regions of the particles. The difference in contrast in the powder particles was clearly observed because the shell was more severely deformed than the core and the microstructure was changed near the surface region. Figure 4 shows optical micrographs of the sintered compacts fabricated with as-received and milled powders etched with Kroll's reagent solution. Figure 4 (a) shows the untreated sintered compact, and Figs. 4(b)(e) show the sintered compacts that were pre-treated by MM. Two different microstructures were observed in the compacts that were pre-treated by MM: fine-grained and coarse-grained structures that correspond to the shell and core regions in the milled powder, as shown in Fig. 3 . Moreover, the shell fraction was slightly increased and the core grain size was decreased with increased milling time. Figures 5(a) and (b) show a grain boundary map and a grain size colored map obtained by EBSD analysis for the MM360ks series, respectively. In Fig. 5 , the black lines represent high-angle grain boundaries with more than 15°misorientations. The shell region forms a network structure that surrounds the core region. The network structure of the shell and core is referred to as a harmonic structure. When the mechanically milled powders that contain fine grains at the surface were consolidated by SPS, the bonding of every shell region occurred in the same manner as conventional sintering. The most significant difference between the harmonic structure and a conventional compact is that all the shell regions in the harmonic structure are interconnected in a continuous network. Figure 6 shows the relationship between the milling time and the Vickers hardness of sintered compacts before nitriding. The surface hardness of the shell structure was higher than that in the core structures. The surface hardness in each region was almost the same and independent of the milling time. 3.2 Effect of nitriding temperature on the microstructure of CP titanium with harmonic structure Figure 7 presents XRD patterns obtained for the surface layers of the nitrided specimens that were pre-treated with MM for 360 ks. Diffraction peaks of titanium-nitride (Ti 2 N) were clearly evident on the specimens nitrided at 873 and 973 K. In particular, the XRD peak of TiN was also observed on the specimens nitrided at 973 K. In contrast, the specimen nitrided at 773 K exhibited only diffraction peaks due to the base material (¡-titanium). These results indicate that a nitride compound layer can be formed on specimens nitrided at temperatures higher than 873 K. Figure 8 shows surface SEM micrographs of the nitrided specimens pre-treated with MM for 360 ks. The nitrided surfaces tended to be more roughened with increased nitriding temperatures. On the surface of the specimen nitrided at 873 K, rough areas formed a network structure, which corresponds to the shell region in the harmonic structure. For those specimens nitrided at 973 K, the rough area was observed over the entire surface. This trend and the XRD analysis results indicate that the rough surface is due to the formation of titanium nitrides, and the amount of titanium nitrides is increased with the nitriding temperature.
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To examine the effect of the nitriding temperature, the surface hardness of the nitrided specimens with various crystalline structures was measured. Figure 9 shows the relationship between the nitriding temperature and the Vickers hardness measured on the top surfaces of the shell and core structures in the MM360ks+N series. The hardness of the Untreated series (core structure) is also shown for comparison. In every nitrided specimen, the surface hardness tended to increase with the nitriding temperature. The core region of the specimens nitrided at 773 K had almost the same hardness as the Untreated series (dotted line), because nitride compounds were not formed on the surface at this temperature. Figure 9 also showed that the surface hardness of the nitrided shell region, which consists of fine grains, tended to have higher hardness than the core region at each nitriding temperature.
To clarify the reason for this difference in hardness, the formation of nitrides was investigated in more detail for the MM+N series. Figure 10 shows the typical features of the surface morphology for the MM+N series analyzed using non-contact scanning white light interferometry. The specimens nitrided at 773 K had almost the same height ( Fig. 10(a) ); however, higher areas, indicated by the redcolored areas, formed a network structure on the surface of the MM+N973 series ( Fig. 10(b) ). This indicates that a thicker nitride compound layer was formed at the shell region of fine grains in the MM+N973 series.
The surface hardness of CP titanium with harmonic structure was thus significantly increased in the network shell structure by nitriding at temperatures higher than 873 K. 3.3 Effect of MM time on the microstructure of CP titanium with harmonic structure Nitrided specimens that were pre-treated by MM for various times were characterized. Figure 11 presents XRD patterns obtained for the surface layers of specimens nitrided at (a) 873 and (b) 973 K that were pre-treated by MM for 360 ks. In the specimens nitrided at 873 K, diffraction peaks of the base material (¡-titanium) and Ti 2 N were observed. There were no noticeable differences in the crystalline structure between the N series (without MM) and the MM+N series. In Fig. 11(b) , the specimen nitrided at 973 K without MM (N973 series) had diffraction peaks of base material (¡-titanium) and Ti 2 N. In contrast, the XRD peak of TiN(200) was also clearly observed on the MM+N973 series surface. Tong et al. 24) reported that the effective activation energy for the diffusion of nitrogen in nanocrystalline materials is smaller than that in the coarsegrained material. Therefore, the formation of nitrides is accelerated in the shell regions of the harmonic structure. Figure 12 shows the relationship between the MM time and the surface hardness of the shell structure for the MM+N and MM series. The surface hardness of the core region of the N and Untreated series (without MM) are also shown for comparison. The surface hardness of the specimens nitrided at 773 K was almost the same as that for the un-nitrided specimens because nitrogen compounds were not formed at the specimen surface, as shown in Fig. 7 . The surface 773 873 973
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High mag. hardness of the specimens nitrided at 873 K tended to increase with the MM time. The scatter of hardness in the shell region was larger than that in the core region, which suggests that the measured hardness is influenced by the hardness in both regions due to the thin shell structure formed during shorter MM times. In addition, the surface hardness of the specimen nitrided at 873 K that was pre-treated with MM for 360 ks was almost the same as that for the N series nitrided at 973 K without MM. These results indicate that a high hardness layer can be formed in a harmonic structure material by nitriding at lower temperatures due to the presence of fine grains in the shell regions, which allows greater nitrogen diffusion and thus the formation of nitride compounds.
In the case of the specimens nitrided at 973 K, the hardness of the MM+N series was higher than that of the N series. However, the surface hardness was not increased with the MM time, but tended to be saturated at longer MM times. In this study, the Vickers hardness test was performed at the top surface, so that the surface hardness approached the hardness value of the surface-modified layer as its thickness increased. Therefore, the Vickers hardness value of the MM+N973 series would tend towards that of TiN (2200 HV). 25) Consequently, the fine grains created by MM accelerate the diffusion of nitrogen into CP titanium during the nitriding process, which results in the formation of a high hardness layer.
3.4 Microstructural change of CP titanium with harmonic structure during nitriding The microstructural changes during the nitriding process were examined for CP titanium with harmonic structure. Figure 13 shows an image quality (IQ) map obtained by EBSD analysis beneath the surface compound layer of the MM360ks+N973 series. The harmonic structure still remained in the MM360ks+N973 series after nitriding and the grain size was almost the same as that of the un-nitrided specimen, shown in Fig. 5 . This indicates that low temperature nitriding suppresses grain-coarsening of CP titanium with the harmonic structure.
Consequently, lower temperature nitriding at 873 and 973 K enables the grain-coarsening of CP titanium with harmonic structure to be suppressed and a high hardness layer to be formed due to the presence of fine grains induced by MM. 
Conclusion
Low temperature nitriding was introduced to increase surface hardness of CP titanium with harmonic structure produced by sintering mechanically milled (MM) powders. The results are summarized as follows:
(1) The sintered compact prepared from mechanically milled powders has fine-grained and coarse-grained microstructures. The fine-grained shell region forms a network structure that surrounds the coarse-grained core region. (2) The characteristics of nitrided layers formed by the MM and nitriding processes can be controlled according to the MM time and the nitriding temperature. A nitride compound layer is formed on the mechanically milled specimens nitrided at the temperatures higher than 873 K. (3) The surface hardness of the fine-grained structure in the nitrided specimen pre-treated by MM is higher than that of the coarse-grained structure because the fine grains formed by MM accelerate the formation of nitrides during the nitriding process. (4) Low temperature nitriding enables the suppression of grain-coarsening in CP titanium with harmonic structure.
